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Abstract 
Precise quantitative assessment of c-Si wafer quality is of crucial importance for the development and manufacturing of high 
efficiency solar cells. For this purpose, lifetime samples are typically fabricated with very well cleaned and passivated surfaces. 
Under those conditions the measured effective lifetime Ĳeff is almost equal to the silicon bulk wafer lifetime Ĳwafer, i.e. a material 
related quality parameter. Those lifetime measurements are typically carried out with a photo-conductance decay method (PCM) 
e.g. with a Sinton-WCT tool. The measurement result is an effective excess carrier lifetime Ĳeff which typically exhibits a strong 
dependence on the excess carrier injection density ǻn within the wafer. Stating Ĳeff –values thus necessitates to specifiy ǻn. The 
PV community typically reports at a fixed ǻn in the range of 1×1014 cm-3 to 1×1016 cm-3 or for varying wafer doping density Ndop 
at ǻn = Ndop/10. The latter allows for a comparison from the point of view of the Shockley-Read-Hall (SRH) formalism. 
Unfortunately, the impact of a certain lifetime for device performance changes with Ndop, due to the law of mass action. In this 
paper a wafer doping density dependent ǻn which is relevant for the injection density at maximum power point (MPP) is derived. 
This ǻn@MPP shows a contrary behaviour compared to the often used and accepted reporting method to set ǻn = Ndop/10. 
Additionally, a wafer doping density independent material quality parameter, called material saturation current density j0,mat at 
MPP, is proposed to improve the comparability of measured effective lifetimes of differently doped wafers . 
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1. Introduction 
Reporting carrier lifetime is done very often to describe the quality of silicon wafers for solar cell application. For 
this purpose, lifetime samples are typically fabricated with very well cleaned and passivated surfaces. Under those 
conditions the measured effective lifetime Ĳeff is almost equal to the silicon bulk wafer lifetime Ĳwafer, i.e. a material 
related quality parameter. Those lifetime measurements are typically carried out with a photo-conductance decay 
method (PCM) with e.g. a Sinton-WCT tool. The measurement result is an effective excess carrier lifetime Ĳeff which 
typically exhibits a strong dependence on the excess carrier injection density ǻn within the wafer. Example lifetime 
curves are analytically calculated and shown in Fig. 1, where a SRH defect and intrinsic, i.e. Auger and radiative, 
recombination [1] is assumed. 
 
 
Fig. 1. Analytical calculations of two effective carrier lifetime curves for a 1.5ȍcm (NA=1×1016cm-3) and a 13.7ȍcm (NA=1×1015cm-3) substrate 
with the same SRH lifetime parameters Ĳn0 = 238.1μs and Ĳpo = 2381μs. 
Stating Ĳeff –values thus necessitates to specifiy ǻn. The PV community typically reports at a fixed ǻn in the range 
of 1×1014 cm-3 to 1×1016 cm-3 or for varying wafer doping density Ndop at ǻn = Ndop/10. Reading out Ĳeff e.g. for 
ǻn = 5×1014 cm-3 in Fig. 1, two different values Ĳeff = 345μs and Ĳeff = 437μs for NA=1×1016cm-3 and NA=1×1015cm-3, 
respectively, are derived, whereas almost the same Ĳeff is derived using ǻn = Ndop/10 (Ĳeff = 437μs and Ĳeff = 455μs for 
NA=1×1016cm-3 and NA=1×1015cm-3, respectively). The latter reporting of constant lifetimes can be expected from 
SRH theory and is meaningful for defect characterization when doing lifetime spectroscopy.  
It will be shown that the injection density at maximum power point (MPP) of silicon solar cells shows a different 
behavior and decreases with increasing doping density. Furthermore, a wafer doping density independent material 
quality parameter, called material saturation current density j0,mat at MPP, is proposed to make measured effective 
lifetimes of differently doped wafers comparable from the solar cell point of view. 
2. Derivation of a solar cell relevant injection density at MPP 
For the determination of a solar cell relevant Ĳeff which considers injection- and doping-dependent effects, it is 
possible to estimate ǻn@MPP using the single diode model. The law of mass action at all dopant and injection 
conditions is assumed: 
݊݌ ൌ ሺ ஽ܰ ൅ ȟ݊ሻሺ ஺ܰ ൅ ȟ݊ሻ ൌ ݊௜ǡ௘௙௙ଶ ݁
൬ ೜ೇೖಳ೅
൰     (1),  
where V is the local voltage at the pn-junction without series resistance influence, n is the electron density, p is 
the hole density, NA is the acceptor concentration, ND is the donor concentration, kB is the Boltzmann constant, T is 
the temperature, q is the elementary charge, ni,eff is the effective intrinsic carrier concentration considering band-gap-
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narrowing (BGN) where the Schenk BGN model [2] may be used. Assuming low level injection and a p-type doping 
(߂݊ ا ஺ܰ, ݊ ൎ ߂݊, ݌ ൎ ஺ܰ) at MPP results in Eq. (2): 
   ߂̷݊ܯܲܲ ൎ
௡೔ǡ೐೑೑
మ
ேಲ
݁
೜ೇಾುು
ೖಳ೅         (2), 
where VMPP is the voltage at MPP. An approximation for VMPP describes Eq. (3) which is taken from [3]:  
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and combining it with Eq. (2) results in Eq. (4), 
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A calculation using Eq. (4) with varying NA for VOC of 650mV, 675mV and 700mV is shown in Fig. 2.  
 
 
Fig. 2. Carrier injection density at MPP versus the acceptor concentration NA for several open-circuit voltages VOC using Eq. (4). Additionally, 
results from numerical device simulations using the PERC cell example ‘selEm1’ from [4] for validation (red), the simple, easy-to-use Eq. (5) 
(green), and for comparison ǻn = 5×1014cm-3 and ǻn = NA/10 are shown. Note that the ǻn = NA/10 curve also shows when the low level injection 
condition becomes violated. 
From Fig. 2, it is apparent that the solar cell relevant injection density at MPP decreases for increasing acceptor 
concentration which is caused by the law of mass action. Secondly, the injection density at a given NA increases for 
higher efficient solar cells (with higher open-circuit voltages) due to much lower recombination within the device. 
The comparison with ǻn = NA/10 shows a contrary trend, which allows the conclusion that the proposed ǻn@MPP 
is more relevant for evaluating device performance and doing loss analysis. 
For PERC solar cells with VOC in the range from 650mV to 700mV the following simple, easy-to-use Eq. (5) 
allows for a quick ǻn approximation, which is also shown in Fig. 2: 
߂̷݊ܯܲܲሺ ஺ܰሻ ൎ
ଵ଴యబୡ୫షల
ேಲ
       (5). 
For a comparison of the three discussed reporting options, numerical device simulations are carried out using the 
PERC cell example ‘selEm1’ from [4] with the different lifetimes derived from the example of NA = 1×1016cm-3 
shown in Fig. 1. The simulated efficiencies are compared in Table 1 for considering the full carrier lifetime 
injection–dependence Ĳeff(ǻn) as reference and constant carrier lifetimes Ĳeff = constant, which are derived at the 
respective reporting injection density. Simulating constant carrier lifetimes is performed using Ĳeff = Ĳn0 = Ĳp0/1000. 
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Table 1. Comparison of the simulated efficiency derived from the carrier lifetimes according to 
different reporting schemes. The full carrier lifetime injection–dependence Ĳeff(ǻn) in line 1 can 
be seen as the reference. 
reporting lifetime simulated Ș 
 Ĳeff(ǻn) 21.24% 
ǻn=5×1014cm-3 Ĳeff=345μs 21.31% 
ǻn=NA/10 Ĳeff=437μs 21.40% 
ǻn=1030cm-6/NA Ĳeff=258μs 21.17% 
 
The reporting schemes differ in the effective lifetime and consequently in the derived simulated efficiency. 
Differences to the reference occur due to a not constant injection density over the full base region caused by the 
contacting scheme and recombination in emitter and rear surface. 
3. Derivation of a doping density independent material quality parameter at MPP 
Unfortunately, the knowledge of a meaningful injection density for a given wafer doping density does not 
provide the full information needed in order to assess the impact of carrier lifetime on solar cell performance. The 
law of mass action Eq. (1) determines ǻn within a working solar cell, i.e. for highly-doped wafers ǻn is smaller. The 
impact of carrier lifetime on solar cell performance may be considered within the derivation of the saturation current 
density j0, which describes in general solar cell behavior with the single diode model in the dark as written in Eq. 
(6): 
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where j is the current density, V the voltage, Dn and Dp the diffusion coefficients, Ln and Lp the diffusion lengths 
for electrons and holes, respectively. The saturation current density arising solely from the base j0b for p-type wafers 
is written in Eq. (7): 
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with GF being the geometry factor considering surface recombination with the surface recombination velocity Sn 
in Eq. (8) 
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Assuming a finite base thickness WA, zero surface recombination at the rear side Sn Æ 0 cm/s and a base 
thickness which is much smaller than the diffusion length WA<<LN (allows Taylor series expansion of  ݔ ൎ ݔ), 
and considering ܮଶ ൌ ܦ߬, a material quality parameter can be derived which is defined here as the saturation current 
density of the wafer material j0,mat described by Eq. (9), 
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This material saturation current density j0,mat considers doping and the effective lifetime effects and allows for a 
direct comparison of wafer quality from the solar cell perspective.  
An example of an calculated effective carrier lifetime curve Ĳeff and its recalculation in terms of j0,mat is shown in 
Fig. 3 for illustration, which is described by Eq. (10) 
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       (10). 
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Fig. 3. Comparison between calculated effective carrier lifetime Ĳeff and material saturation current density j0,mat for Ĳn0 = Ĳp0/10 = 238.1μs for 
1×1016cm-3 wafer doping density (1.5ȍcm). 
Note that the material saturation current density changes with injection density. This results in differently 
applying recombination within the wafer material during a current-voltage sweep. Under short-circuit condition ǻn 
is approximately 1×1013cm-3, at MPP ǻn is slightly below 1×1014cm-3 and under open-circuit condition ǻn is slightly 
above 1×1015cm-3. Thus, j0,mat halves when going from short-circuit to open-circuit condition, which results in a fill 
factor reduction due to injection-dependent recombination. 
4. Measured lifetimes and material saturation current density with varying wafer doping 
A comparison of Ĳeff and j0,mat at different ǻn reporting is shown in Fig. 4 for in-house measurements of 
boron-doped Cz lifetime samples with varying doping density fabricated from cleaned and passivated back-etched 
PERC solar cells and for the lifetime parametrization for the cured state of the boron-oxygen complex by Schmidt et 
al. [5]: 
߬௡଴ ൌ ͷǤʹͷ ൈ ͳͲଶହ ൈ ஺ܰିଵǤସ଺ ൌ ߬௣଴ ͳͲΤ      (11). 
 
 
Fig. 4. Comparison of reported effective lifetimes using Ĳeff(ǻn = NA/10) and Ĳeff(ǻn@MPP) (Left) and the resulting j0,mat@MPP using Eq. 10 
(Right) versus acceptor concentration for Cz lifetime samples and the cured Cz parametrization by Schmidt et al. [5]. 
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The ǻn–reporting at MPP of the Cz samples shows lower effective lifetimes for higher acceptor concentrations 
compared to ǻn = NA/10 –reporting because the injection density at MPP decreases (compare Fig. 2) and Cz wafers 
typically show a strong injection-dependent lifetime (compare Fig. 1). The cured lifetime parametrization [5] shows 
a similar behaviour. Note that the optimistic estimate of the cured Cz lifetime within [5] is realized setting 
Ĳn0 = Ĳeff(ǻn = NA/10), which is considered here such that the electron lifetime parameter Ĳn0 should be actually lower. 
Eq. (12) is assumed in Fig. 4 to calculate Ĳeff@MPP, which is derived : 
߬௡଴ ൌ
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Looking at the right graph of Fig. 4, the calculated j0,mat from Ĳeff@MPP increases with increasing NA for the Cz 
lifetime samples and the parametrization, which would result in a solar cell efficiency reduction due to material 
quality. For verification numerical device simulations are carried out using the PERC cell example ‘selEm1’ from 
[4] again. A constant effective lifetime (Ĳeff = constant) for all acceptor concentrations is compared to the cured Cz 
parametrization (Ĳn0 ן NA-1.46) by Schmidt et al. [5] and a constant material saturation current density (j0,mat ן NA-1) 
in Fig. 5. 
 
 
Fig. 5. The change of carrier lifetime versus acceptor concentration (Left) results in a change of simulated efficiency (Right). 
The result of the three scenarios in their simulated efficiency behavior due to doping is that: 
x a constant effective carrier lifetime  increases cell efficiency with increasing acceptor concentration, which is also 
expected from Eq. 10, 
x the cured Cz lifetime parametrization proposed by Schmidt et al. shows an increasing cell efficiency for lower 
acceptor concentrations, 
x and the constant material saturation current density shows an almost constant efficiency in the resistivity range 
from 1…5ȍcm, which confirms the applicability of the j0,mat approach for material quality comparison. 
The constant j0,mat scenario shows a decrease of simulated efficiency for higher doping because the much lower 
lifetime reduces the short-circuit current density jSC significantly, whereas the efficiency gain towards lower doping 
is due to high injection effects. Note that cell specific losses, e.g. a back-surface-field, also influences the efficiency 
behavior when the doping density changes.  
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5. Summary 
Different effective carrier lifetime reporting schemes are evaluated. It is shown that the injection density 
decreases for increasing doping density in solar cells at MPP, which is contrary to typical injection densities at 
which the effective lifetime is reported. A simple and easy-to-use formula is proposed for the injection density at 
MPP relevant for PERC solar cells to report effective carrier lifetimes. Additionally, the influence of carrier lifetime 
on solar cell performance is investigated and the usage of a material saturation current density is proposed to 
consider the combined impact of sample doping and carrier lifetime, reported at ǻn at MPP, on solar cell efficiency. 
It allows a direct comparison of wafer quality from the solar cell perspective. 
 
Acknowledgements 
I would like to thank the former students Thomas Robel and Marc Schuchart for carrier lifetime measurements 
and evaluations, my SolarWorld colleagues, especially Franziska Wolny, Phedon Palinginis and Eric 
Schneiderlöchner for fruitful discussion and revising, the colleagues at ISFH, especially Karsten Bothe, for lifetime 
sample preparation and Pietro P. Altermatt for providing an excel template to calculate carrier lifetimes. 
This work was supported by the German Federal Ministry for Economic Affairs and Energy (BMWi) under 
Contract No. 0325777 (project HELENE). 
 
References 
[1] A. Richter, S. Glunz, F. Werner, J. Schmidt and A. Cuevas, "Improved quantitative description of Auger recombination in crystalline silicon," 
Phys. Rev. B vol. 86, pp. 165202-1–165202-14, 2012. 
[2] A. Schenk, "Finite-temperature full random-phase approximation model of band gap narrowing for silicon device simulation," J. Appl. Phys. 
vol. 84(7), p. 3684–3695, 1998. 
[3] P. Würfel, “Physics of solar cells”, Weinheim, Germany: WILEY-VCH Verlag GmbH & Co. KGaA, 2005 (p. 150, Eq. 7.14 and p. 138, Eq. 
7.3-7.5). 
[4] B. Min et al, „Incremental efficiency improvements of mass-produced PERC cells up to 24%, predicted solely with continuous development 
of existing technologies and wafer materials,” in Proc. 30th EU PVSEC, Hamburg, Germany, 2015. 
[5] J. Schmidt, D. Walter, K. Bothe, S. Gatz, T. Dullweber, P.P. Altermatt, „Impurity-Related Limitations of Next-Generation Industrial Silicon 
Solar Cells“, IEEE J. Photovolt. vol. 3(1), p. 114–118, 2012. 
 
 
